INTRODUCTION
Within the DOE complex there are large quantities of radioactive and hazardous chemical waste that exist in a broad variety offorms, toxicity, and storage conditions. There are 3700 contaminated sites, with 500 facilities now surplus, and as many as 7000 expected to be declared surplus in the coming decades [l] . Most of these facilities will require cleanup of hazardous waste before decommissioning. Efficient, safe, cost-effective methods of characterization are needed to assist in the timely cleanup of these sites. Due to the hazardous nature of the contaminants, a nondestructive non-invasive technique is preferred for characterization and for monitoring the decontamination processes.
Heavy metal contaminants, including radioactive metals such as uranium and plutonium, are present in many ofthe weapons production facilities. Significant deposits often remain in processing equipment after it has been shut down. As this equipment is often massive and of a complex geometry, it is generally difficult with existing technologies to characterize deposits and verify that equipment can be safely disposed of or recycled.
A technique that could potentially address many of these characterization needs is X-ray K-edge densitometry. In this paper, we describe the technique and present our experimental validation. In particular, we discuss the detection of uranium, mercury, and cadmium in different environments.
THE NEED FOR A NEW TECHNOLOGY IN WASTE CHARACTERIZATION
Many very accurate chemical and optical characterization techniques are available provided that one has access to the sample. However because of the hazardous nature of radioactive and mixed waste, a nondestructive non-invasive technique that minimizes the disturbance of the contaminant is desired. Current technologies available for this task do not provide the desired accuracy and sensitivity. Some of these currently used techniques are nondestructive assay (NDA), neutron activation analysis (NAA), and X-ray fluorescence (XRF).
NDA is widely used to characterize radioactive deposits inside steel pipes and closed containers in general. This technique is based on detecting gamma or neutron emissions from radioactive isotopes. An example where this technique has been used is an enriched uranium processing facility at the Savannah River Site. NDA of the facility was required to characterize the remaining 235U after cleanup. Sensitivity levels from these measurements were not published but the estimated measurement uncertainties were reported as +100%/-50% of the measured value [2] .
The sensitivity levels ofNDA depend on the material and wall thickness of the container, and on the particular isotopes that are present. There are three main drawbacks to this technique. First, the difficulty in obtaining quantitative estimates ofthe deposits because of the inhomogeneous distribution of the contaminants or complex container geometry requiring implementation of an elaborate correction procedure that includes the rotation of the sample (or detector). Second, in cases of contaminated equipment where the decay radiation is attenuated through non-uniform complex geometries, even qualitative estimates can be misleading. Finally, this technique is limited to radioactive contaminants with reasonably short half lives, for situations where the contaminant has a long half life the data acquisition times needed can become too long.
Neutron activation analysis (NAA) is an analytical tool based on induced nuclear reactions where neutrons interact with target materials to produce a compound nucleus that decays with characteristic decay rates and energies. The use of a portable NAA device to detect concealed mercury has been proposed [3] . The technique was successfully used to detect a simulated deposit of 185 grams of mercury placed inside a 3 kg steel pot. Projected minimum level of detection of mercury in the presence of iron was estimated to be at a level of 500 ppm. The large thermal neutron capture cross section of mercury (384 barns) makes it possible to achieve this projected sensitivity. However this luxury is not available for other contaminants with lower neutron capture cross sections and hence this sensitivity level is not attainable in these situations.
X-ray fluorescence (XRF) is another active probe that can be used for characterization of waste. In this technique, a beam of X-rays strikes the contaminant causing the atoms to excite and then de-energize by emitting characteristic X-rays. The energies and the intensities of these X-rays are used to identify and quantify the contaminant. A major drawback of this technique is that it is a surface technique and it requires elaborate sample preparation.
THE K-EDGE TECHNIQUE
K-absorption-edge densitometers have been used to measure and monitor the amount of uranium and plutonium in samples from several facilities around the world. These facilities include Los Alamos National Laboratory, Oak Ridge Y-12 Plant, Savannah River Plant, International Atomic Energy Agency (lAEA) Safeguards Analytical Laboratory, and La Hague, France reprocessing plant [4] . These applications were part of the safeguard programs at these facilities and the densitometers were optimized to measure several tens of grams per liter of uranium and/or plutonium in solution. Our goal is to apply this technique to quantify heavy metal contamination (Cd, Hg, Pb, Th, U, Pu) with an accuracy of 10% in a wide range of matrix materials and geometries.
The absorption of photons is governed by the binding energies of atomic electrons. Each element has a unique distribution of its atomic electrons, with the K-shell having the highest binding energy. When a photon has just enough energy to liberate one of the atomic electrons there will be a sudden increase in the rate of absorption. This is indicated in Figure I where the attenuation coefficients for gold and uranium are plotted as a function of X-ray energy. The Kedge for gold is at 80.7 keY, while the K-edge for uranium is at 115.6 keY, corresponding to the binding energies for the K-shell electrons in these atoms.
Energy (keV) Figure 1 . X-ray absorption coefficients for gold and uranium.
A material placed in the X-ray beam will preferentially absorb low energy photons. Moreover, the transmitted X-ray spectrum will suffer a sudden decrease in the intensity at an energy corresponding to the absorption edge of the specific material, resulting in a step in the transmitted X-ray spectrum. This is indicated in Figure 2 for a gold sample placed in the beam.
The abrupt change in transmitted intensity at the K-edge identifies the type of contaminant. The amount of contaminant present can be calculated based on the magnitude of the change. Approaching the absorption edge from the left, the transmitted X-ray intensity is given by:
(1) where 10(E_), and I(E_) are the incident, and transmitted photon flux, respectively, at an energy very close to the edge from the left, ~(E_) is the linear attenuation coefficient of the sample material at that energy, and X is the thickness ofthe sample. Similarly when we approach the edge from the right: (2) Assuming that we are extremely close to the edge, such that 10(E+) = 10(E_), we can combine Eqs. 1 and 2 to solve for the thickness,
Notice that the incident X-ray flux is not a factor in the thickness calculation. It is for this reason that the K-edge technique is not sensitive to the type or shape of matrix materials in the sample.
To first order the accuracy will be determined by the statistics of the intensity measurements.
In practice, because X-ray detectors have finite energy resolution, we cannot obtain the intensities, I(E+) and I(E_), directly from the spectrum. Instead we define two windows above and below the K-edge and use a least squares fitting curve to extrapolate the data points to the K-edge itself. The windows must be chosen far enough away from the edge that the detector resolution will not have an effect on the extrapolation. One must be careful to avoid fluorescence peaks and edges from other elements that might be present. It is also important that background radiation not contribute to the spectrum in the vicinity of the K-edge. This could come from scattered X-rays that have not passed through the contaminant or from natural radiation emitted by radioactive contaminants. To obtain the best accuracy with the K-edge technique, corrections for these effects must be made as well as for slight biases that can be introduced to the spectrum due to electronic pileup or absorption in the matrix material. By applying these corrections, in theory it is possible to obtain results with an accuracy of better than 1 % [4, 5] . As our goal is to make measurements with 10% accuracy, it will generally not be necessary to make these corrections.
EXPERIMENTAL VALIDATION
As shown in Figure 3 , the main components of the K-edge inspection system are the X-ray generator and the detection system. In conducting the experimental validation, we used an IRT 320kV (3200W) generator. The detection system consisted of an EG&G ORTEC High Purity Germanium detector (HPGe) with a 2.5xl.0 cm crystal collimated to an active diameter of 0.6 mm, and connected to an ORTEC mode1671 shaping amplifier set at lllsec shaping time. The data acquisition system consisted of a multichannel analyzer (MCA) card interfaced to a 386 PC. The resulting energy spectrum was displayed for visual confirmation of the edge, and a least-squares fit was performed to extract the intensities on either side of the K-edge and calculate the thickness of the contaminant according to Eq. 3. Samples of gold, uranium, and silver known to within 2% of the true equivalent thickness were fabricated using Inductively Coupled Plasma (lCP) standard solutions. The gold and silver samples were chosen as relatively safe substitutes for mercury, and cadmium, respectively.
In the first set of experiments, we placed a uranium solution of equivalent thickness 26. 30r------------------------------------- Pigure 4. K-edge thickness measurement of uranium ~m inside a steel pipe with a wall thickness ofO.25 inch. This is equivalent to having a contamination of 1200 ppm of uranium in steel. The live time ofthe detector was set at 60 seconds and the experiment was repeated SO times. As shown in Figure 4 , the average measured thickness of uranium was 26. I J.lnt with a standard deviation of 2.8 ~m (an accuracy of 10%). A similar experiment was conducted using a gold solution of equivalent thickness 26.3 J.lm placed behind an aluminum plate of thickness 1/8 inch. This is equivalent to having a contamination of 81 00 ppm of gold (mercury) in aluminum. Data were accumulated for 60 seconds with the X-ray generator set at 120 kVp and 0.3 rnA. The experiment was repeated 55 times and the average measured thickness of gold was 25.2 J.lm with a standard deviation of3.05 ~m. Figure 5 where we have placed an equivalent thickness of 6.8~m of gold behind different thicknesses of aluminum. The technique was used to successfully measure the amount of gold present even when the aluminum thickness was I.S inches.
One of the most attractive features of this technique is its insensitivity to the matrix in which the contaminant is present. This is illustrated in
These measurements show that K.edge densitometry is an accurate, robust characterization method. Furthermore, there is room to improve the sensitivity beyond the levels indicated above by selectively increasing the photon statistics around the K-edge. Aluminum filter thickness (inches) Figure 5 . Effect of filter thickness on K-edge thickness measurement of gold.
USING A MONOCHROMATOR CRYSTAL TO ENHANCE THE SENSITIVITY
Heavy metal contaminants are found in different environments such as thick-wall steel pipes as in the Gaseous Diffusion Plant at the K-25 site at Oak Ridge, or soil and mine tailings, or in complex equipment. These different environments act like filters for X-rays and hence reduce the signal to noise ratio in the K-edge inspection. In the extreme case when the matrix is too thick compared to the amount of contaminant, the number of photons in the vicinity of the K-edge becomes very small relative to the total number of photons reaching the detector. This limits the sensitivity ofthe straight transmission technique. These extreme cases occur at different thicknesses for different matrix materials and for different contaminants. For the case of uranium in steel pipes for example, the signal to noise ratio degrades severely at steel thickness of 1.0 inch with uranium contamination equivalent to 25 /lm. As illustrated in Figure 6 , for silver (or cadmium) contamination in an aluminum matrix, the SIN ratio degrades at aluminum thickness of 0.5 inch for silver thickness equivalent to 50 /lm, and the edge is useless for any quantitative measurements. Notice that if we alter the generator settings (by increasing the kV for eXarrl.ple) to increase the photon counts around the edge, high energy photons (not useful for the K.edge measurement) will reach the detector at a higher rate than the low energy photons, resulting in detector saturation or a very high dead time.
A way to get around this limitation on the sensitivity is to use a monochromator crystal to select a narrow band of X-ray energies around the K-edge of interest. An incident bearrl. of X-rays that falls upon a crystal will be scattered in all directions. but due to the regular arrangement ofthe atoms, in certain directions the scattered waves will constructively interfere with one another. The energy of the diffracted beam can be controlled by varying the angle between the incident beam and the crystal. The diffracted beam follows Bragg's law.
where d is the spacing between two successive planes in the crystal (for graphite d '" 3.354 AO). A.
is the wavelength ofthe diffracted X-rays. and e is the angle between the incident rays and the crystal planes.
Using a highly oriented pyrolytic graphite monochromator crystal of Grade ZYA (mosaic spread of 0.4±0.10). we have repeated the measurement of 48.3/lm of silver behind 0.5 inch of aluminum. The result is shown in Figure 7 where it is clear that we have obtained a great improvement in sensitivity. Moreover, the size of the edge indicates that there is still room for improvement ofthe sensitivity (either by increasing the thickness ofthe aluminum plate of by reducing the equivalent thickness of silver). Similar measurements were conducted using a uranium sample of equivalent thickness 7.01lm (equivalent to 13.3 mg/cm 2 or 155 ppm) placed between two plates of steel each of which is 0.5 inch thick. The graphite crystal was oriented at angle such that the diffracted beam has its peak at 115.6 keY. The presence of uranium in the beam is reflected by a change in the slope at energy 115.6 keY. The second peak in Figure 8 is due to X-rays that satisfy Equation 4 for n=2. To date this is the minimum thickness of uranium (7.0Ilm ) that can be detected. However, we anticipate an improvement by at least a factor of 4 due to the improved micro-control of the diffraction system under development.
SUMMARY AND DISCUSSION
We have demonstrated that the K-edge technique is a robust, accurate, and cost-effective characterization technique that can be used to identify and quantify radioactive as well as nonradioactive contaminants. In general, the technique has the following advantages over other techniques that can be used to characterize heavy metal contamination:
I. Nondestructive non-invasive: a steel pipe or a sealed container need not be opened to perform the K-edge inspection. The test is also done without mechanically disturbing the contaminant. This is a safety feature especially in situations where airborne contamination is a concern. 2. No sample preparation: K-edge densitometry does not require any sample preparation. The only conditions on the sample are that we have access to both sides, and that the matrix material does not lie next to the contaminant material in the periodic table. 3. Multielement capability: the K-edge inspection can identify more than one contaminant in a single test, provided that the K-edge energies of these contaminants are not too close to each other. 4. Matrix insensitivity: for measurement accuracy of \0% there is very little effect on the results due to the matrix in which the contaminant is located. 5. Accurate with high sensitivity limits: to date sensitivity levels of less than 200ppm have been achieved with accuracies of 10%. We anticipate an impmvement in sensitivity levels by at least a factor of 5. These levels of sensitivity exceed the capabilities ofNDA and portable NAA. 6. Fast, in situ: a K-edge inspection can be performed on site with a display of the result in a very short time (detector live time ranges from I to 5 minutes depending on the concentration of the contaminant and the type and thickness of the matrix material). A K-edge densitometer can be made portable for field inspections.
There are a number of examples of Decontamination and Decommissioning activities that could benefit from application ofthe K-edge technique. It would be particularly useful for characterizing hazardous heavy metals located inside closed objects such as processing equipment and storage drums. The non-invasive nature of the technique provides a margin of safety. Because it is a fast, accurate, noninvasive technique, K-edge densitometry can provide valuable complimentary information during initial NDA characterization, as a monitor of the cleaning process, and as a safety check before cutting into the equipment.
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